Glycolate oxidase that was partially purified from pea leaves was inactivated in vitro by blue light in the presence of FMN. Inactivation was greatly retarded in the absence of 0 2. Under aerobic conditions H20 2 was formed. The presence of catalase, GSH or dithiothreitol protected glycolate oxidase against photoinactivation. Less efficient protection was provided by ascorbate, histidine, tryptophan or EDTA. The presence of superoxide dismutase or of hydroxyl radical scavengers had no, or only minor, effects. Glutathione suppressed H20 2 accumulation and was oxidized in the presence of glycolate oxidase in blue light. Glycolate oxidase was also inactivated in the presence of a superoxide-generating system or by H20 2 in darkness. In intact leaves photoinactivation of glycolate oxidase was not observed. How ever, when catalase was inactivated by the application of 3-amino-l,2,4-triazole or depleted by prolonged exposure to cycloheximide a strong photoinactivation of glycolate oxidase was also seen in leaves. In vivo blue and red light were similarly effective. Furthermore, glycolate oxidase was photoinactivated in leaves when the endogenous GSH was depleted by the application of buthionine sulfoximine. Both catalase and antioxidants, in particular GSH, appear to be essential for the protection of glycolate oxidase in the peroxisomes in vivo.
Introduction
Visible light provides the energy source for autotrophic plant growth but may also exert detri mental effects on plant cells. In particular, photo synthetic pigments can act as photosensitizers mediating the formation of singlet oxygen, and the photosynthetic electron transport chain may con tribute to the production of reactive oxygen spe cies (R O S) that initiate photooxidative damage (Foyer et al., 1994) . A multitude of photoprotective systems exists that usually allow plants to either avoid or repair photooxidative damage un der conditions to which they are adapted (Asada, 1994; Foyer, 1997) . It has, however, become appar ent that, in spite of efficient antioxidative mecha nisms, certain com pounds are generally not suffi ciently protected against photodamage. Well investigated exam ples are the D1 reaction center protein of photosystem II (PSII) and the peroxi somal enzym e catalase. Whereas these proteins have most important functions for the photosyn- In order to maintain constant steady state levels of functional proteins, they need to be continuously replaced by de novo synthesis. Therefore, both the D1 protein of PSII and catalase exhibit a specific light-depen dent turnover in leaves that increases with the photon flux.
Photoinactivation of catalase is mediated by blue light absorbed by its prosthetic heme (Cheng et al., 1981; Grotjohann et al., 1997; Shang and Feierabend, 1999) . In leaves catalase inactivation may, in addition, be indirectly mediated by photooxidative events initiated in the chloroplasts (Feierabend and Engel, 1986; Shang and Feiera bend, 1999) . Photoinactivation of catalase in leaves can be detected when its repair is prevented either by translation inhibitors (Feierabend and Engel, 1986; Hertwig et al., 1992) or by stress con ditions that suppress protein synthesis, such as salt (Streb and Feierabend, 1996) or low temperature (Volk and Feierabend, 1989; Feierabend et al., 1992) . When protein synthesis is suppressed, cata-0939-5075/2000/0500-0361 $ 06.00 © 2000 Verlag der Zeitschrift für Naturforschung, Tübingen ■ www.znaturforsch.com ■ D läse activity of leaves can be largely depleted within one day of light exposure. The main func tion of peroxisomal catalase is to detoxify the H 20 2 that is produced by the oxidation of gly colate during photorespiration. It has been re ported that the enzyme glycolate oxidase is also light-sensitive. In vitro glycolate oxidase from to bacco leaves was inactivated by blue light ab sorbed by its FMN cofactor (Schmid, 1969) . Dur ing our investigations of the photoinactivation of catalase we did, however, not observe a simulta neous inactivation of glycolate oxidase. During ir radiation of isolated peroxisom es from rye leaves in vitro glycolate oxidase activity remained con stant, while catalase activity was totally lost (Feier abend and Engel, 1986). In intact leaves the de cline of catalase activity in light was not accompanied by any major loss of glycolate oxi dase activity when repair was blocked by transla tion inhibitors or stress conditions (Feierabend and Engel, 1986; Volk and Feierabend, 1989; Feierabend et al., 1992; Shang and Feierabend, 1999) . Consequently, the glycolate oxidase ap peared to be well protected against photodamage and its turnover in leaves seem ed to be very slow. In the present work we have reinvestigated the conditions for the photoinactivation of glycolate oxidase in vitro and examined which factors might contribute to its protection in vivo. The results in dicate that photoprotection of glycolate oxidase in leaves substantially depends on the presence of catalase and requires that antioxidative reductants are available within the peroxisomal compart ment.
Material and Methods

Plant material and growing conditions
For the assay of enzyme activities in leaves, experiments were performed with leaf sections from 6-day-old rye seedlings (Secale cereale L., cv. Halo). Seeds were surface-sterilized by a 10-min vacuum infiltration and about 30 min soaking in a freshly prepared filtered solution of 3% (w/v) calcium hypochlorite-chloride, thoroughly washed with demineralized H 20 and grown at 22 °C in glass-covered plastic boxes on filter paper (Macherey and Nagel Mn 218). moistened with a m odi fied Knop's nutrient solution (Feierabend and Schrader-Reichhardt, 1976 
Experimental treatments and light exposure
Segments of 5 cm were excised from the middle of the primary leaves of 6-day-old rye seedlings and each further divided into two halves. 
Preparation o f cell-free extracts
Segments of rye leaves were hom ogenized un der ice-cold conditions with a mortar and pestle and with the addition of some acid-washed sea sand with 50 mM K-phosphate buffer, pH 7.5. For each extraction, homogenates from segments of 10 leaves were adjusted to a final volume of 5 ml. H o mogenates were centrifuged for 8 min at 10,000 xg and 4 °C. The resulting supernatants were used for the enzyme assays.
Immunoblotting
For immunoblotting, total hom ogenates were prepared by grinding frozen leaflets from the fourth leaf of pea seedlings with liquid nitrogen, extraction with 50 m M K-phosphate buffer, pH 7.5, and 20 min centrifugation at 27,000 xg and 4 °C. The supernatants were used for polyacrylamide gel electrophoresis in the presence of SDS, and immunoblotting, as previously described . A rabbit antiserum against glycolate oxidase from spinach leaves (Nishimura et al., 1983) was used for immunodetection. A ny residual catalase activity was totally photoin activated within 1 h during light exposures or in hibited by the addition of 2 mM aminotriazole and 2 mM Na-azide during dark incubations.
Preparation o f glycolate oxidase
Analytical m ethods
Total chlorophyll (Chi) was determined from 80% (v/v) acetone extracts according to Arnon (1949) . Total protein was determined according to Gerhardt and Beevers (1968) after precipitation in 10% (w/v) trichloroacetic acid and washing the precipitate with 5% trichloroacetic acid.
Enzyme activities were assayed spectrophotometrically at 25 °C. Activities of catalase (EC 1.11.1.6) and glycolate oxidase (EC 1.1.3.1) were assayed, as previously described (Streb and Feier abend, 1996). The contents of reduced and oxi dized glutathione were determined after separa tion by HPLC according to published procedures (Streb and Feierabend, 1996) 
. The contents of H 20 2 was assayed by its reaction with a titanium (IV)-4(2-pyridylazo)resorcinol complex ac cording to Patterson et al. (1984), as described by Streb and Feierabend (1996).
The data presented are mean values from at least three independent experiments, except where indicated otherwise. Standard errors of the mean are indicated.
Results
Photoinactivation o f glycolate oxidase in leaves
During a 24 h exposure of sections of mature rye leaves to a moderate light intensity of 500 (imol n r 2 s-1 PAR the activity of the lightsensitive enzyme catalase was largely depleted by photoinactivation when its replacement by de novo synthesis was prevented by the presence of the translation inhibitor cycloheximide (Fig. 1A) . While the increase of glycolate oxidase activity, that was observed in untreated control leaves, was also blocked by cycloheximide, only a minor de cline of this enzyme occurred within 24 h in the presence of the inhibitor, relative to its initial ac tivity. These observations indicate that, in contrast to catalase, the inactivation or turnover of gly colate oxidase must have been low under these conditions. However, the decline of glycolate oxi dase was enhanced during a subsequent additional 24 h light exposure in the presence of cyclohexi mide, when catalase activity had been largely elim inated (Fig. IB) . Com plete inhibition of catalase activity by application of the catalase inhibitor aminotriazole was accompanied by a marked de cline of glycolate oxidase activity in white light. Aminotriazole had no direct inhibitory effect on glycolate oxidase in vitro. The decline of glycolate oxidase activity in leaves was further enhanced when, in addition to the application of aminotri azole, protein synthesis was inhibited by cyclohexi mide and the potential replacement of inactive en zyme by de novo synthesis was suppressed (Fig. IB) . The elimination of catalase by treatment of leaves with aminotriazole or cycloheximide in creases the oxidative stress in the tissue, as dem on strated in previous work (Streb and Feierabend, 1996) . This was indicated by an enhanced degrada tion of Chi. However, the photoinactivation of gly colate oxidase clearly preceded the decline of the Chi content in all treatments and thus represented an early event of photooxidative damage in treated leaves (Fig. 1C) . When the leaf sections were exposed to either blue or red light during incubation with aminotriazole and cycloheximide the declines of the glycolate oxidase activity and of the Chi content were retarded ( Fig. IE and F) , relative to the white light exposures of equal pho ton flux PAR (Fig. IB and C) . However, in both blue and red light glycolate oxidase was inacti vated with almost equal rates in leaf sections from rye seedlings (Fig. IE) .
A comparable inactivation of glycolate oxidase, as in rye leaves, was also observed when pea leaves were incubated in the presence of aminotriazole and cycloheximide in white light of 500 |imol m "2 s _1 PAR, except that the decline was slower and only about 65% of the initial activity were lost within 48 h. Immunoblotting assays with an antise rum against spinach glycolate oxidase indicated that in pea leaves the loss of enzyme activity was accompanied by a decline of the amount of the enzyme polypeptide which was detected in a sim ilar apparent molecular weight range as the spin ach protein (not shown). The antiserum did not cross-react with glycolate oxidase from rye.
Photoinactivation o f glycolate oxidase in vitro
A potential protective role of catalase, as sug gested by the observations with catalase-depleted leaves, was investigated in vitro with a partially purified preparation of glycolate oxidase from pea leaves, for which a rapid purification procedure was available. In order to investigate photoinacti vation in vitro, samples of the partially purified glycolate oxidase were irradiated for 3 h with blue light of 800 ^imol m~2 s -1 PAR. Any remnants of pea catalase contained in the glycolate oxidase preparation were totally inactivated within the first hour o f light exposure. Under these condi tions a slow inactivation of glycolate oxidase was observed without the addition of FMN. A ddition of FMN greatly enhanced the blue light-induced inactivation of glycolate oxidase, while the enzyme was stable in darkness ( Fig. 2A) . Photoinactiva tion of glycolate oxidase increased with the con centration of FMN but was saturated above 5 -10 FMN (Fig. 2C) . This corresponded well to the dependency of the glycolate oxidase activity on the concentration of added FMN which also saturated between 5 -1 0 ^im (Fig. 2B) . This close correlation suggested that photoinactivation was mediated by enzyme-bound FMN. At higher FMN concentrations the rate of photoinactivation of glycolate oxidase decreased (Fig. 2C) . All following light exposures were performed in the Fig. 2A ) . Removal of 0 2 caused a strong lightindependent inhibition of glycolate oxidase (ca. 65%) that was not readily reversible after aera tion. Anaerobic photoinactivation was assayed for the residual activity.
Inactivation of glycolate oxidase in blue light was greatly retarded in the presence of purified catalase from bovine liver. Vice versa the photoin activation of the catalase was strongly enhanced by the presence of glycolate oxidase and FMN (Fig. 3B, see 5 jimol s _l m l-1 catalase incubations) . Catalase photoinactivation was accelerated to the same extent by FMN alone without glycolate oxi dase (data not shown). The protective action of catalase increased with increasing concentration and was totally abolished when catalase was inhib ited by aminotriazole (Fig. 3A ) . The inactivation of catalase by blue light can be largely prevented by the addition of a low concentration of ethanol (Cheng et al., 1981) . Ethanol had no direct effect on glycolate oxidase. However, protection of gly colate oxidase in the presence of catalase was markedly improved when catalase was stabilized by the addition of ethanol (Fig. 3) . Nevertheless, also the presence of a very high and stable catalase activity did not provide com plete protection against photoinactivation of glycolate oxidase. A d dition of a high concentration of bovine serum al bumin retarded the photoinactivation of glycolate oxidase only slightly, indicating that unspecific protection by the presence of a high protein con centration was only of minor relevance (Fig. 3A ) .
The protection by catalase suggested that H 20 2 was formed when glycolate oxidase was irradiated with blue light, although its substrate glycolate was not present. This was confirmed by the assay of H20 2 (Fig. 4B) . The amount of H 20 2 produced in blue light of 800 [imol m~2 s _1 PAR in the absence of glycolate accounted for 39% of that produced by the same amount of enzym e in the presence of glycolate in darkness. However, the rate of inacti vation of glycolate oxidase in the absence of sub strate in light was higher than in the presence of substrate in darkness. The presence of H20 2 was inhibitory to glycolate oxidase. However, the rate of inactivation was not proportional to the existing H20 2 concentration. The rate of inactivation in darkness in the presence of 5 mM H 20 2, a concen tration that was 77 times higher than that observed after 3 h irradiation without glycolate, was much slower than in blue light without glycolate, or even than in darkness in the presence of substrate (Fig. 4A) . In darkness, glycolate oxidase was also inactivated when 0 2 ~ was produced by xanthine and xanthine oxidase. The rate of inactivation in darkness in the presence of the 0 2 ~ -producing system was similar as in the presence of glycolate, when H20 2 was produced. The inactivation in the presence of xanthine and xanthine oxidase could be markedly mitigated by the addition of superox ide dismutase (Fig. 4A ) . In order to examine whether removal of H 20 2 by a peroxidase had a similar protective effect as the presence of catalase, blue light irradiation of glycolate oxidase was performed in the presence of glutathione peroxidase (Fig. 3C) . However, most remarkably the substrate GSH alone was highly efficient to protect glycolate oxidase from photoinactivation. When the concentration of GSH was increased, glycolate oxidase was pro tected for a longer period of time. During incuba tion with glycolate oxidase in blue light GSH was totally oxidized and partially either degraded or firmly bound to some unknown compound (Ta ble I). The H 20 2 accumulation was increasingly suppressed, as the GSH concentration was increased (Table I) . Glycolate oxidase was pro tected, as long as sufficient reduced GSH was pre sent, and photoinactivation commenced, as soon as the GSH was mostly oxidized (Fig. 3C and Ta ble I). Oxidized GSSG had no effect on the photo inactivation of glycolate oxidase. A t a low concen tration of 1 mM GSH which only moderately protected glycolate oxidase, the photoinactivation of the latter was slightly more retarded when, in addition, glutathione peroxidase was included in the incubation mixture (Fig. 3C) . However, the fi nal extent of protection was determined by the amount of GSH. When photoinactivated glycolate oxidase was incubated for up to 30 min in the pres ence of 5 mM GSH the enzyme was not reactivated (data not shown). The inactivation of glycolate ox idase observed in darkness in the presence of gly colate was also prevented by GSH (Fig. 4A ) and accompanied by a concomitant oxidation of the latter (Table I ). In contrast to the light incubations, total glutathione did not decline in darkness (Table I ). In darkness GSH induced some slow increase of the activity of the enzyme preparation.
Glycolate oxidase was efficiently protected against photoinactivation by the addition of the thiol-reductant dithiothreitol (Fig. 3D ) , as in the presence of GSH. However, in darkness glycolate oxidase was only slightly inhibited by relatively high concentrations of reagents reacting with sulfhydryl groups. The inhibition by 0.5 mM iodoacetate amounted to 20%, that by 20 mM sodium arse nate to 26.8%. Protection from photoinactivation by ascorbate was marked, but less efficient than by GSH (Fig. 3D ) . Photoinactivation of glycolate oxidase was also markedly and to very similar ex tents retarded by the presence of 10 mM concen trations of L-histidine, ED TA or L-tryptophan which may act as reductants (Foote, 1968; Schmidt and Butler, 1976; Massey et al., 1978) to the sensi tizer FMN (Fig. 3D ) . The curve for L-tryptophan Table I (Fig. 3D) .
Photoinactivation o f glycolate oxidase in glutathione-depleted leaves
The relevance of GSH for the protection of gly colate oxidase in vivo was examined in GSH-depleted rye leaves. It was shown in previous work (Streb and Feierabend, 1999 ) that the endogenous content of GSH can be greatly eliminated when rye leaves are incubated for 24 h in low light in the presence of 10 m M d , L-buthionine sulfoximine, an inhibitor of the y-glutamylcysteine synthetase (Meister, 1983) . The content of GSH declined to 14% of its level in control leaves (without inhibi tor) when buthionine sulfoximine was applied dur ing a 24 h preincubation in low light, and was to tally eliminated during a subsequent 24 h exposure to a higher light intensity of 500 [imol m~2 s-1 PAR. When the inhibitor was applied at the begin ning of the high light treatment the GSH content declined to 5% within the 24 h exposure period (Fig. 5A ) . In leaf sections with diminished GSH contents both catalase and glycolate oxidase were inactivated during the high light exposure (Fig. 5B  and C) , while only a minor Chi degradation oc curred (Fig. 5D ) . In darkness glycolate oxidase was not inactivated (not shown). The rate of gly colate oxidase inactivation was faster in leaf sec tions that were depleted of GSH before the high light treatment than in leaf sections that were ex posed to buthionine sulfoximine only at the begin ning of the high light treatment (Fig. 5C) . Similar rates of photoinactivation were observed in leaf sections treated with aminotriazole which inhib ited the catalase activity, as in fully G SH-depleted leaves, although the latter contained still high cata lase activity during the early phases of the high light exposure. The rate of inactivation of gly colate oxidase was moderately further enhanced in G SH-depleted leaf sections when, in addition, catalase activity was eliminated by the application of aminotriazole (Fig. 5C ).
Discussion
Our present results confirm basic observations by Schmid (1969) Glycolate Oxidase ' C ' say conditions were not separated in the previous investigation. With regard to the nature of the effective ROS, our results suggested that H 20 2 and 0 2 ~ were able to mediate the inactivation of glycolate oxi dase. However, inactivation of glycolate oxidase was not proportional to the existing H 20 2 concen trations and was not affected by superoxide dismutase in light. These discrepancies may indicate that glycolate oxidase was preferentially inactivated by ROS formed directly at the site of the enzymebound FMN which is deeply buried in the interior of the enzyme (Lindquist and Bränden, 1989) and therefore presumably out of reach of superoxide dismutase, or that flavin-mediated ROS formation and the direct oxygen-independent reaction with excited oxidized FMN or flavin radicals contrib uted to its inactivation in varying proportions.
Generally, both types of photoreactions appear to contribute to photosensitized oxidations (Foote, 1968) . Reducing agents may scavenge and detoxify the ROS formed by excited flavins or protect sulfhydryl groups of glycolate oxidase. However, the known sequence of spinach glycolate oxidase con tains only a single cystein residue which is local ized far apart from the active site in a peripheral loop structure close to the carboxy-terminal end (Lindqvist, 1989; Lindqvist and Bränden, 1989 (Foote, 1968) .
According to this investigation catalase and GSH represent the most important natural factors for the protection of glycolate oxidase. Catalase can remove the H20 2 produced through the pho toreduction of FMN but simultaneously appeared to act as a direct scavenger for irradiated glycolate oxidase. Instead of the glycolate oxidase that was protected, the inactivation of catalase was en hanced in a mixture of the two enzymes in light. Since these enzymes are presumably in close con tact within the multienzyme complex of the per oxisomal matrix (Heupel et al., 1991) and remain associated even after detergent solubilization of peroxisom es (Heupel and Heldt, 1994) , it is quite likely that catalase can exert a direct protective function also in vivo. However, in aminotriazoletreated leaves which were depleted of catalase not only its potential protective scavenger function was lost but, in addition, antioxidants, such as asc orbate and GSH, became largely oxidized when the detoxification of H20 2 was impaired, particu larly when any increases of alternative antioxida tive systems were suppressed by cycloheximide (Smith et al., 1985; Streb and Feierabend, 1996) . That the stability of glycolate oxidase in leaves strongly depended on the presence of reduced an tioxidants was strikingly accentuated by the marked photoinactivation of glycolate oxidase that was induced when the endogenous GSH was depleted by the inhibitor buthionine sulfoximine, although considerable catalase activity was still available. Since the inactivation of glycolate oxi dase in leaves treated with aminotriazole and cycloheximide was of similar magnitude in blue and red light, the enzyme was obviously more vul nerable in vivo by ROS formed through photosyn thetic reactions also in red light, than by direct fla vin-sensitized inactivation that occurs only in blue light. Therefore, protection of glycolate oxidase requires a sufficient supply of GSH in vivo which needs to be maintained in its 
